Abstract. Spatial data can provide much information about the interrelations of plants and the relationship between individuals and the environment. Spatially ambiguous plants, i.e. plants without readily identifiable loci, and plants that are profusely abundant, present non-trivial impediments to the collection and analysis of vegetation data derived from standard spatial sampling techniques. Sampling with grids of presence/absence quadrats can ameliorate much of this difficulty. Our analysis of 10 fully-mapped grassland plots demonstrates the applicability of the grid-based approach which revealed spatial dependence at a much lower sampling effort than mapping each plant. Ripley's K-function, a test commonly used for point patterns, was effective for pattern analysis on the grids and the gridded quadrat technique was an effective tool for quantifying spatial patterns. The addition of spatial pattern measures should allow for better comparisons of vegetation structure between sites, instead of sole reliance on species composition data.
Introduction
The quantitative description of plant patterns provides a window to look at plant-plant and plant-environment interactions and can provide seminal evidence supporting ecological theory. Description of a plant community's spatial structure allows the investigation of processes such as community dynamics (e.g. Bolker & Pacala 1999) , local resource competition (e.g. Martens et al. 1997) , and relationships with environmental heterogeneity (e.g. Thompson et al. 1996) . Despite the importance of spatial patterns to many ecological questions, expensive, time consuming, and ambiguous procedures have hampered its assessment. Further, many available sampling methods are associated with unique analysis methods that, after being programmed by each researcher or obtained from the original advocate, may be difficult to use, interpret, or compare with other methods.
Spatially ambiguous plants, such as grasses that may propagate both vegetatively and through seed, intensify problems with spatial data collection. The main impediment is locating individual plants. For many plants, co-located individuals of the same species and extended parts of the same plant often cannot be separated without employing time-consuming and costly genetic analysis (Dyer & Rice 1994; Harada & Iwasa 1996) . Absent the funding required for genetic differentiation, researchers must interpret each clump of plants and represent it as either as a single locus (a large plant) or multiple loci (co-located smaller plants) during sampling. Differences in interpretation can greatly affect the outcome of analysis and reduce the value of quantifying the spatial patterns of a system, because different researchers can arrive at disparate conclusions from the same distribution of plants.
A second impediment to collecting spatial data is that contiguous areas must be censused. That is, within a scale of interest, there can be no missing data for the species in question. The best explanation of this requirement is to consider a question such as the average distance among neighboring individual plants. If one ascertains the locations of several of the plants but has not sampled the intervening space, the validity of conclusions about the spatial pattern is uncertain because there may be additional plants within this area of interest. Contiguous sampling, especially in grasslands, can result in a prohibitive level of effort to census even small areas. For example, Heady (1958) reported up to 21 000 individual plants per 0.093 m 2 (1 ft 2 ) in a California annual grassland. As a solution to the prohibitive sampling problems stated above and to demonstrate the effectiveness of a common analysis method, we compared the use of contiguous grids of quadrats (square sampling areas; Greig-Smith 1952; Thompson 1958 ) against point-based analysis for field sampling of spatially-ambiguous plants.
Study site
Data were collected from a site 20 km north of San Francisco (37° 55' N; 122° 16' W) dominated by the historically important (Baker 1978) (Hatch et al. 1999 ). The climate is mediterranean with rainfall averaging 600 to 700 mm annually. Most precipitation occurs in autumn and winter and the impact of the summer drought is diminished by frequent fog. Land management included moderate (half or less forage use), continuous livestock grazing for at least 30 yr and heavy grazing occurred episodically prior to that. The soil was a fine, montmorillontic, thermic typic argixerroll (Los Osos Clay Loam; Welch 1977) . The elevation averaged 300 m with a southerly exposure and the slope averaged 20%.
Methods

Background
For data analysis, Ripley's (1981) K-function L(t) was selected as a relatively robust (Cressie 1991; Anderson 1992) , powerful, and commercially available (Venables & Ripley 1997 ) method for documenting spatial patterns. Ripley's K-function is defined as:
(Goreaud & Pelissier 1999) where k ij = 1 if the distance between points i and j ≤ t and k ij = 0 if the distance between points i and j > t. The intensity:
is related to N, the number of points per unit area in size S. To stabilize the variance of the process, the statistic is generally displayed as:
The K-function is a 2nd order method designed for analysis of point processes, but it can be easily calculated for contiguous grids using the center of each occupied quadrat (square segment comprising the grid) as a point. Advantages of the K-function include that it is an easily understood statistic with a growing use in ecology (such as Haase 1995; Martens et al. 1997; Podani & Czaran 1997; Goreaud & Pelissier 1999) , and interpretation will be similar for analyses of both pointbased and grid-based data. Monte-Carlo techniques are used to calculate the K-function confidence intervals (Cressie 1991; Anderson 1992; Watkins & Wilson 1992) . We expected that grid-based data would show more clumping than point-based data for two reasons. First, the diameter of the plant biases the grid-based pattern detection toward detection of clumping at small scales (henceforth called diameter effects). In this work, we defined the diameter as the convex basal area taken up by the multiple stems of a plant at ground level and having separations among these multiple stems less than 1 cm in width. Large plants will be represented as many occupied quadrats and revealed as large clumps in the analysis. Plants with diameters smaller than the quadrat size become increasingly likely to be counted in two or more quadrats as the size of the plant approaches the size of the quadrat. In the analysis, individual plants counted in multiple quadrats will be shown as clumping.
The second reason that grid-based data tend to show more clumping than point data is that they contain more information about the plants. This can be clearly illustrated by considering an area with complete plant cover. If the plants within that area have random diameters, then analysis of the point data will show that centers are distributed randomly despite the fact that they could not get any closer together (henceforth called point effects). This is a consequence of using dimensionless points. For the same scenario, grid-based data show the area as completely clumped.
Analysis of point data can also show the plant diameters, but in a different way than the grids. If many of the plants are clumped together and have similar diameters, this diameter will show as regularity in the point analysis because the plants are found one diameter apart more often than expected by chance.
When comparing grid and point data, we can a priori determine only three possible outcomes: (1) analysis of both data types could show the same spatial pattern; (2) grid-based clumping from diameter effects possibly associated with diameter based point regularity (plant diameters are shown as clumps); (3) grid-based clumping from point effects (groups of adjacent plants are shown as clumps). We also expected the grid method to be a less precise measure of spatial pattern. For instance, clumping between 6 and 8 cm determined in the pointbased data analysis will be more generally shown in the grid-based data analysis as clumping between 5 and 10 cm. Our basic approach was to evaluate each data set with both methods and verify that the grid-based method and analysis functioned as intended and provide valid descriptions of the spatial patterns of a spatially ambiguous plant species.
Methodology
Spatial pattern data were collected with color digital photographs of 10 0.25-m 2 square plots in October 1999. The 0.25-m 2 plots were randomly selected within areas visually determined to be N. pulchra dominated grassland. N. pulchra, the only perennial species in the plots, could be clearly differentiated from the senescent grass and forb background vegetation. Nonetheless, to make perennial locations more distinct, any dry vegetation was removed from the plots and the N. pulchra plants were clipped to 5 cm prior to data collection. High contrast meter sticks were placed along two edges of each plot to mark the correct scale for later application of a grid. Photographs were analysed and the center and edges of each N. pulchra plant were determined. Plant centers comprise the point-based data. Plant diameters were determined by measuring the width of each plant in two directions predetermined by plot orientation. Each plot was divided into 100 25-cm 2 (5 cm × 5 cm) quadrats and each quadrat containing a N. pulchra stem rooted within it was recorded as presence/absence data (comprising the grid-based data; Kershaw 1957) . Additionally, two plots were mapped and grid sampled in the field.
The 0.25-m 2 grid size was determined by combining our available resources with our research objective. Previous work showed that this plot size captures an acceptable number of plants (ca. 33% cover) for this species (Hatch et al. 1999 ). An acceptable range for pattern differentiation is at least 10% and no more than 80% of the quadrats occupied per plot. We wanted rapid data collection so we sought to apply a grid with as few quadrats as possible yet containing sufficient quadrats to allow the resolution and power of the test to remain relatively high. We also wanted sampling methods to be compatible with our available equipment. This combination of factors resulted in us selecting 100 contiguous 25-cm 2 quadrats in square grid.
For the grid-based data, the occupied quadrats in the grid were reassigned to random locations on the grid (keeping the total number the same) and K-function values were iteratively calculated. Similarly, for pointbased data, plant centers were reassigned to new random locations within the plot area (keeping the same number of plants) and K-function values were iteratively calculated. The number of iterations required to describe the distribution in a stable way (so that change is insignificant with the addition of more iterations) varies with the size of the grid and the number of occupied quadrats, or the number of plant centers and the plot size. 1000 iterations were selected for the situations considered here. We developed 95% confidence intervals using the 2.5th and the 97.5th quartiles of the simulated data so results labeled significant were at P < 0.05.
For both point-and grid-based data, analyses were done for spatial patterns up to one half the plot length (25 cm) using S-Plus 2000 (Mathsoft, Inc. Seattle Washington, USA) with the edge correction of Ripley (1976;  edge effect corrections reviewed in Goreaud & Pelissier 1999). This range was chosen because the ability of the test to detect spatial patterns declines with increasing lengths due to the limited amount of data available and the uncertainty of plant distributions beyond plot borders. Because the grid-based data are not distributed continuously, the analysis can be calculated for only 12 distances within this range of interest (possible distances between quadrat centers). We used 5. 25, 7.25, 10.25, 11.25, 14.25, 15.25, 16.00, 18.25, 20.25, 20.75, 21.25, and 22 .50 cm as distances for our grid-based analysis. Table 1 . Results of spatial pattern analyses on 10 plots using both plant centers (points) and the location of occupied 25-cm 2 quadrats on a 10 × 10 grid. 
Results
A single plot (Table 1 ; Plot 2) was selected to illustrate the procedure we used (Fig. 1) . The results for all 10 sets of analysis fell into the expected outcomes (Table 1) . The most common results, as seen in plots 2, 3, 4, 5, and 10, were the random or regular patterns for the point-based data while analysis of the grid-based data showed small scale clumping (diameter effects). Plot 6 had a similar result, but since the plot included a large plant (23 cm diameter), analysis of the point-based data showed some intermediate scale clumping (13.75 to 15.75 cm) while the grid-based data showed clumping at every distance analysed. Plots 9, 7, and 1 showed clumping across the range of distances for both the point-and grid-based data. Plot 8 results were of special interest because the plant diameter alone does not explain the clumping apparent in the grid-based data from 16 to 25 cm. The photo of this plot showed that the plants are roughly arranged in several parallel lines and the interaction between the plant diameters and the arrangement cause this to be shown only with the gridbased data and not the point-based data. This arrangement of plants violates the isotropic assumptions of the K-function and can be difficult to assess with this analysis. The number of plant centers in the point-based method is always less than the number of occupied quadrats in the grid-based method.
We estimated that it took on the order of 30 to 45 minutes to map a plot in the field. Data collection for the grids was much faster taking on the order of 3 to 10 minutes. These estimates did not include travel, plot identification, or plot preparation. 
Discussion
The basic premise of using a grid presence/absence sampling and Ripley's K-function analysis to document spatial structure appeared sound. For N. pulchra, with their indistinct centers, the grid-based data presented a more quantitative picture of the plant distribution because it was much less dependent on the judgment of the observer. Determining where one plant ends and another begins and then assigning a center to these often irregularly shaped plants involved many decisions. Ideally, the description of spatial pattern should be independent of the observer and only depend on the arrangement of plants in space. For the plant centers (point-based data) at least when data is collected in the field, this is clearly not the case. For some taxa or individuals (especially those with single stems) plant center data is well suited, but for perennial grasses (often spatially ambiguous) collecting presence/absence data on grid represented a more quantitative measure.
For the grid-based data, small-scale clumping was indistinguishable from plant diameters in the analysis, but we argue that this is a desirable effect rather than an unwanted outcome because it gives some indication of the size range of plants. Plant center data (point-based data) missed some spatial patterns in these grasses as discussed above. In order to ensure an accurate representation of patterns, more information is needed than points alone provide. This additional burden of mapping the outline of the plants or collecting several diameters for each irregularly shaped plant only increases the cost of data collection. With the grid method, the size of the grid can be changed, allowing the available resources to be matched with the sampling effort and optimizing the grain and extent of the pattern data collected. Other than reducing the area observed or ignoring plants of some size classes, no adjustment of sampling effort is possible with fully mapped or point center data.
From a biological perspective, the significant Nassella pulchra clumping is consistent with the idea that vegetative spread or preferential seedling recruitment close to parent plants are the primary means of plant spread. The observed N. pulchra plants were heavily grazed and trampled likely because they were the only green forage available through the dry summer months. This disturbance probably caused the large plants to break into smaller plants and may account for the spatial patterns observed as well as the generally small diameters of this long-lived species. One benefit of spatial pattern data collection and analysis is that the spatial patterns of this plant can be compared on several sites to determine if they are correlated with site or management conditions. Determining aggregation patterns in these grasses may be the key to understanding how demographics control plant community structure. An analysis of the genetics of clumps may provide insight into the formation of large clumps, i.e. if they arise from a single plant or from a number of aggregated individuals (e.g. Lord 1993 ). The addition of spatial pattern data into descriptive studies such as Stromberg & Griffin (1996) may allow for a better comparison between sites than relying on species composition data. Perennial grass patterns in some cases may show correlation between sites with similar management rather than geographic proximity. Management activities such as grazing may override some site factors. If some types of patterns are repeated across sites, a common mechanism for pattern production could be responsible. This would be a positive development, because if a general mechanism for plant distribution can be demonstrated, system complexity may be reduced allowing better management of plant community trajectories.
There continues to be a need for development and promulgation of sampling and analysis methods that explicitly allow for multivariate spatial and temporal structure across a range of scales. Work in this direction (Dai & van der Maarel 1997; Dale & Mah 1998; Coomes et al. 1999) , holds promise, yet the integration of spatial structure into community ecology has many pressing problems awaiting tractable methods. Nonetheless, contiguous grids of presence/absence quadrats can be effectively used to observe basic spatial structure of plant communities and may reduce sampling and analysis resource requirements while still allowing analysis with a procedure common to other sampling methods.
